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Introduction
The maintenance costs associated with steel reinforcement corrosion are significant, with an estimated repair cost to bridges in the United States (US) alone estimated to be over $8 billion [1] . Not only do the corroding steel bars lose tensile capacity, potentially requiring strengthening or replacement, but the surrounding concrete is damaged as well, as it cracks as spalls due to expansion of the steel [2] . Various methods have been considered in an attempt to solve this problem, including adjusting the concrete mix design or increasing concrete cover to limit the penetration of corrosive chlorides; cathodic protection; and the use of galvanized, stainless steel, or epoxy-coated reinforcement [1, 2] . Another avenue of investigation is the use of fiber reinforced polymer (FRP) materials, which have been used in a small number of bridges around the world, as well as in the US, in the last two decades [3] . [6] , as well as the AASHTO LRFD Bridge Design Guide [7] , although the latter is specifically limited to glass FRP. Various other international codes and standards address FRP reinforcement as well, including the Canadian Highway Bridge Design Code, CAS-S6-06 [8] ; the International Federation for Structural Concrete Bulletin 40 [9] ;
Specification for GFRP-Reinforced Concrete Bridge Decks and Traffic Railings
Recommendations provided by the Japan Society of Civil Engineers [10] , the British Standards Institution [11] , as well as others [12, 13] .
Despite the availability of these design guides as well as the use of FRP reinforcement materials in bridge structures for over two decades, the use of FRP for reinforcement, as a replacement to traditional steel, is extremely limited in the US. This is due to several reasons, including a lack of familiarity among bridge designers; higher initial cost than steel; and lack of reinforcement ductility. Other potential drawbacks with FRP have discouraged use as well, such as a low tensile stiffness, inadequate bond, and degradation in alkaline environments, although these problems have been addressed with appropriate material choices and manufacturing processes [14] .
Two remaining major challenges with FRP are lack of ductility and high cost. Low ductility is a difficult problem to overcome, as FRP bars are generally linear-elastic under load until tension rupture. This behavior may not only render an impending overload failure more difficult to detect, but may also limit the possibility of moment redistribution in indeterminate structures. In the last two decades, however, various researchers have developed FRP bar designs with significant ductility [15] [16] [17] [18] [19] [20] [21] [22] . The majority of these designs are based on a hybrid concept, where the bar is made of several different FRP materials, each with a different ultimate strain. As the level of strain increases in the bar, the different fibers incrementally fail at their corresponding ultimate strains, reducing stiffness as the load on the bar is increased. With proper selection of materials and volume fractions, a highly ductile response can be obtained while maintaining sufficient tensile capacity, thus producing a ductile hybrid FRP (DHFRP) bar.
Moreover, concrete flexural members reinforced with DHFRP bars have developed momentcurvature responses similar to that of corresponding steel-reinforced members [16, 14] .
With regard to cost, although FRP bars are generally 6-8 times more expensive than steel reinforcement initially (with an entire bridge structure cost from about 25-75% higher if all steel reinforcement is replaced with FRP), life-cycle cost analysis of FRP-reinforced bridges demonstrated significant cost savings over similar steel-reinforced bridges throughout a 50 to 75 year bridge lifetime, due to expected decreases in maintenance costs [3] . The same study found that the FRP-reinforced bridge typically had roughly one-half or less of the total life-cycle cost of the corresponding steel-reinforced bridge, with cost savings usually beginning close to year 20 of the bridge service life. However, with an expected 20-year pay-back period, initial cost is still a major concern, and any initial cost savings are clearly highly desirable.
The reliability of structures reinforced with DHFRP bars is also a concern. To develop appropriate load and resistance factors for structural design, a reliability analysis, in the context of a code calibration, is generally needed. Such structural reliability analyses have been conducted for a wide range of FRP materials, including non-ductile FRP bars used in reinforced concrete flexural members [23, 24] , as well as externally-bonded, non-ductile FRP used to strengthen concrete beams [25] [26] [27] [28] [29] [30] [31] [32] . Just recently, however, has the structural reliability of concrete sections reinforced with DHFRP bars been analyzed, with only one study presented in the literature [33] . For the DHFRP-reinforced members considered in that study, it appeared that if DHFRP bars were designed using the ACI 440.1R resistance factors that were developed for (single material) non-ductile FRP bars, DHFRP-reinforced beam reliability was adequate, with reliability indices slightly higher than code target levels. However, the safety margin was not large, and if a different DHFRP bar configuration is considered, reliability may be inadequate.
Therefore, developing FRP-reinforced sections that can meet strength, ductility, stiffness, as well as reliability requirements, while minimizing cost, is difficult with a typical trail and error design process, as the interaction of these various design requirements with DHFRP bar construction parameters is complex. In this paper, a reliability-based design optimization (RBDO) process is presented and applied to the development of DHFRP-reinforced concrete flexural members. The goal is to minimize (initial) material cost while meeting all required design constraints, primarily by selection of optimal bar construction parameters.
DHFRP-Reinforced Flexural Member Analysis
A general DHFRP bar cross-section is given in Figure 1 . Here, the different fibers are placed in concentric layers, but various other configurations are possible, including winding, braiding, and symmetrically-distributed bundled arrangements [16, 14] . Typical analytical stress-strain curves for several DHFRP bar configurations are given in Figure 2 , where the behavior of 2, 3, and 4-material bars (B1-B3, respectively) are shown. The resulting discontinuous stress-strain response closely resembles the experimental results found [16] [17] [18] .
When DHFRP bars are used as tensile reinforcement in concrete flexural members, an expression for moment capacity can be developed as: [34] ; d is the distance from the tension reinforcement centroid to the extreme compression fiber in the beam, and b is the width of the concrete compression block. Here it is assumed that the exterior fibers of the bar are ribbed or otherwise adequately roughened for adequate bond [35] . A simpler version of eq. (1) can be developed by using the Whitney model for the shape of the concrete stress block, with no significant difference in ultimate capacity results. However, the Hognestad model is required to evaluate cracked section response at load levels below ultimate, in order to generate the moment-curvature diagrams needed to evaluate section ductility, and was thus considered throughout this study.
For DHFRP-reinforced flexural members, ductility is a primary concern. When FRP is used as tension reinforcement, ductility index can be calculated from the corresponding load deflection or moment-curvature relationship using [36] :
where u φ is ultimate curvature and y φ is yield curvature (i.e. curvature at first DHFRP bar material failure), while E total is computed as the area under the load displacement or momentcurvature diagram and E elastic is the area corresponding to elastic deformation.
For this study, the minimum acceptable ductility index is taken as 3.0 [37, 38] , which is similar to that for corresponding members reinforced with steel. As noted earlier, DHRFP bar ductility results from a sequence of non-simultaneous material failures with the condition that after a material fails, the remaining materials have the capacity to carry the tension force until the final material fails, to produce the desired ductility level in the concrete flexural member. Moreover, before the desired level of ductility is reached, each bar material must fail before the concrete crushes in compression (at an ultimate strain taken as cu ε = 0.003).
To evaluate ductility, the moment-curvature diagram of the DHFRP-reinforced flexural member is needed, not just the nominal moment capacity given by eq. (1). For momentcurvature analysis, moment capacity up to concrete cracking is calculated based on the elastic section as
, where r f is the concrete modulus of rupture, I g is the uncracked section moment of inertia, and y t the distance from the section centroid to the extreme tension fiber. For the cracked section, the relationship between internal strains and the resulting moment couple is developed based on the modified Hognestad model describing the nonlinear concrete stress-strain relationship. The resulting resisting moment is then determined by:
where C c is the compressive force in the concrete and c is the distance from the top of the concrete compression block to the neutral axis, with parameters d and K 2 defined above. The corresponding curvature φ c is then calculated as [14, 16] . However, including these theoretical low capacity points results in the most conservative ductility indices computed for sections reinforced with DHFRP bars, and this method is thus used to enforce the ductility constraint imposed in this study.
Due to the lower elastic modulus of many composite reinforcement materials as compared to steel, the possibility of excessive deflections must be considered. This concern is recognized in ACI 440.1R, where recommended limits on span/depth ratios for FRP-reinforced concrete flexural members are given. The estimation of flexural deflections in reinforcedconcrete members becomes challenging, since the degree of cracking, and corresponding loss of stiffness, generally varies along the length of the flexural member. To account for this, various methods are available, one of which is presented by Branson [39, 40] , which develops the effective moment of inertia I e to be used for deflection calculation as:
where M cr is the cracking moment, M a is the applied moment, and β d is a reduction factor to account for the typical lower stiffness associated with FRP reinforcing and potential bonding problems. To estimate deflections in this study, β d is calculated as Although various factors affect DHFRP bar cost, the primary influence is that of the material itself. Manufacturing costs may also be significant, but as DHFRP bars have yet to be mass produced for commercial use, there is no readily available product manufacturing cost data available. Thus in this study, comparisons between DHFRP bar types are made based on material cost, which is computed as specific cost sc, as a proportion of DHFRP bar cost to that of traditional steel bars:
where C f is the cost of fiber material per unit weight, ρ f is the density of the fiber, C s is the cost of steel, and ρs is steel density. The specific costs of the materials considered in this study are given in Table 1 , as taken from the available literature [14, 42, 43] .
RBDO
In the RBDO process, inherent uncertainties associated with material properties and applied loads are captured in the mathematical formulation and solution of the optimization problem. There are multiple ways of formulating an RBDO problem [44] [45] [46] [47] [48] [49] . In general, the procedure aims to establish the vector of design variables DHFRP-reinforced section cost minimization is the RBDO problem of interest to this study, resulting in:
where A FRP is the total cross-sectional area of the DHFRP reinforcement in the section, sc i is the specific cost of material i, and ν i is the volume fraction of material i of n total materials used in the reinforcing bar construction (here it is assumed that multiple DHFRP tension reinforcing bars used in a given beam are identical). Note that the cost of the concrete in the sections considered is negligible compared to the DHFRP reinforcement cost and is thus not included in f for simplicity. In this problem, a single probabilistic constraint β g is of interest, which corresponds to the limit set by the minimum target reliability index β T for structures designed to the relevant code standard, which is β T =3.5 for both ACI-318 and AASHTO LRFD as considered in this study [45, 51] . The critical deterministic constraints include requirements for the code-specified design capacity n M φ to meet the design load effect M u , as well as an appropriate ductility limit µ L , taken as 3.0, as discussed above, and a beam deflection limit ∆ L , taken as L/240 for FRP-reinforced sections, per ACI 440.1R. It is also desirable that the moment capacity of the section does not fall below the code-required capacity throughout the curvature range in which ductility is measured; hence a constraint is provided requiring successive moment capacity peaks M i+1 resulting from n material failures to not fall below that generated from a previous material failure. Also needed is a constraint ensuring that the resulting DHFRP bar geometry is physically possible; i.e. that the total of the material volume fractions in the bar equals unity. Finally, a constraint is imposed that is not theoretically necessary but included because it was found that it frequently results in ductility indices greater than the minimum required. This involves limiting the strain in the last material to fail in the DHFRP bar to be no less than a fraction (k) of its failure strain at ultimate section failure (i.e. when concrete crushes in the compression zone), where k is taken to be 0.85. Imposing this constraint tends to increase ductility by providing greater reinforcement strains at ultimate capacity. Depending on the specific problem, imposing a higher k value than 0.85 is sometimes possible, but often results in an infeasible solution. An alternative to imposing this last constraint would be to formulate a multi-objective RBDO, minimizing cost while simultaneously maximizing ductility, but this is a substantially more numerically complicated and computationally costly problem to solve.
Design variables are given in Table 2 Table 3 . Although a variety of RV data are presented in the literature, RV statistical parameters used in this study are selected for consistency with previous reliability-based code calibrations. Here, load and resistance RVs for the building beam are taken as those used to calibrate the ACI 318 Code [51] ; while bridge deck load and resistance data are taken as those used for the AASHTO LRFD Code calibration [50] ; and FRP RV statistical parameters are taken from those used for the ACI 440.1R calibration [23] , as well as from [53] . For the bridge slab, the load RVs considered are dead load of the slab (DS), wearing surface (DW), and parapets (DP), and truck wheel live load (LL); while for the building beam, load RVs are dead load (DL) and transient live load (50-year maximum). These values are shown in Table 4 .
For reliability analysis, the relevant limit state g is: g = M c -M a, where M c is the moment capacity of the section, as given by eq. 1, as a function of the resistance RVs given in Table 3, and M a is the applied moment effect, as a function of the dead and live load RVs given in Table   4 . In the RBDO, Monte Carlo simulation (MCS) was used to calculate probability of failure p f associated with the limit state for each of the sections considered (see above), which was then transformed to reliability index β using β= -Φ -1 (p f ). The number of simulations was increased until β convergence was achieved. In general, this occurred close to 1x10 6 simulations.
Flexural Members Considered
In this study, three DHFRP bar concepts are considered in the RBDO process: 2, 3, and 4-material bars composed of continuous fibers, designated B1, B2, and B3, respectively. Table 1 provides the material choices considered, where Young's modulus (E) and ultimate strain (ε u ) are given.
For the RBDO problem, two typical tension-controlled reinforced concrete flexural member applications are considered; a bridge deck and a building floor beam. The bridge deck ( Figure 7 ) is optimized over girder spacings of 1.8 and 2.7 m (6 and 9 ft), with 25 mm (1 in) cover for the DHFRP bars, placed in the top and bottom of the slab, as used in two FRPreinforced bridge decks built in Wisconsin [54, 35] . Note that AASHTO GFRP [7] 
Results
The RBDO was conducted with an iterative procedure that systematically increments with the set of feasible bar designs, and including evaluation of the constraints given in eq (6) found to be critical. In the procedure, A FRP increments at 1.0 mm 2 for beams and 0.1 mm 2 for decks; b and h increment at 12.7 mm (0.5 in); d increments at 6 mm (0.25 in); and f c ' increments at 3.5 MPa (500 psi). Of the set of feasible sections developed, the minimum cost design is then selected. Although computationally expensive, this method was found to be more stable than a gradient-based solver such as sequential quadratic programming (SQP), which encounters difficulties computing numerical derivatives with the discrete values allowed for the DVs. The accuracy of the optimized solutions using the incremental approach was verified with a series of nonlinear test problems with exact solutions known, with no significant differences in results found [55] . An alternative approach is to use traditional continuous rather than discrete DVs, which would allow numerical compatibility with traditional gradient based methods, then rounding the DV values to the closest increments allowed for the DVs to report a final solution.
This computational effort-saving approach was ultimately not used to avoid discrepancies in the calculated RBDO solution and that chosen for the final optimized designs.
Characteristics of optimized flexural members are given in Tables 5a and 5b; Figure 2 beam depth was associated with the bridge decks. This is likely because a practical lower limit of deck thickness was imposed in the problem, which was more than adequate for all cases. No discernable patterns were found with respect to beam width nor area of reinforcement. The relationship between beam depth and width, concrete strength, and area of reinforcement is complex and inter-related, however, as the effect of their combination affects both strength and ductility. All beam optimizations maximized concrete strength, while concrete strength was found to increase as girder spacing increased for the bridge decks.
For every case, all design constraints were met. Tables 6 and 7 provide constraint values for the optimized sections, where the resulting reliability index (β), ratio of design moment capacity to design load (
, ratio of deflection to the deflection limit (∆/ ∆ L ), and ratio of reinforcement strain to ultimate strain at beam ultimate flexural capacity, (ε n /ε ult n ), are presented. In all cases, the governing constraint was design moment capacity (
, while reliability was somewhat higher than the minimum 3.5 required, varying from approximately 3.8-3.9. For each application, ductility index varied from the minimum imposed (3.0) for case B1, to slightly over 3 for case B2, to 5.0 for case B3. Note that based on the material properties considered, the resulting ductility indices resulted in sections with tension reinforcement strain ε t significantly higher (approximately 0.02 < ε t < 0.04) at concrete crushing than that required by ACI 318 for tension controlled steel-reinforced sections (ε t ≥ 0.005).
In no case was the deflection limit a critical concern, although deck deflections were much closer to the limit imposed (with ∆/ ∆ L ratios approaching 0.80 for the larger girder spacing considered) than for beams. This is expected, given that the decks have larger span/depth ratios.
As seen in the tables, other than differences in deflection limit ratio, however, the specific application evaluated had little impact on the results, while DHFRP bar type (B1, B2, or B3) was much more influential. Table 8 provides a comparison of optimized bar costs, where the specific costs for each application are calculated per eq. 4, then normalized to the lowest cost result for comparison.
Here relative costs are compared in two ways: in unit and total costs. Unit costs (cost/bar unit volume) are normalized to the lowest cost found across all applications, which was the B3 case for the 6 m (20 ft) beam span. The highest unit cost was found in the unoptimized designs (B1) for every application, as discussed further below. The total cost comparison considers the amount of reinforcement used in the application as well; i.e. the specific cost multiplied by the bar cross-sectional area. This accounts for fact that some bar designs have inherently less strength than others, and correspondingly require a larger bar area to carry the same tensile force.
For reasonable comparisons, total costs are normalized within each of the four applications (i.e.
for each of the two deck and beam spans), as some applications require more tensile force to develop the required moment capacity than others. Thus, each application will have a different least total cost case, identified by a total relative cost of 1.0 in Table 8 . Also shown in Table 8 are costs relative to traditional steel, given in parentheses. Clearly, DHFRP is much more costly, with the cheapest optimized results (B3 case bars) from about 10-12 times that of steel. This is primarily due to the need for an expensive IMCF material (Table 1) to enable the bar to meet all performance criteria. The resulting DHFRP bars are approximately twice as expensive as traditional, single-material CFRP bars that use lower grade carbon fibers [3] .
In the table, results are presented for unoptimized and the final optimized designs. The unoptimized design is presented for comparison. It represents a reasonable starting design that meets most constraints (all except ductility and reinforcement strain limit). Here, a reasonable starting design was made for each bar type and used for all applications; hence relative unit costs are identical for a given bar type for each application. It was found that the optimized designs were significantly less expensive than the base designs, generally resulting from a 10 -30% reduction in relative total costs. In every application, bar costs decreased as the number of materials increased from 2 to 4, where the least costly bars were B3. The final optimized bar stress-strain and section moment curvature diagrams are shown in Figures 2 and 3 , respectively.
Conclusions
A RBDO was conducted on three types of DHFRP reinforcing bars, which were costminimized for different bridge deck and building beam design scenarios considering strength, deflection, ductility, and reliability constraints. It was found that, for a given bar type, there was little difference in optimal bar construction among the different applications considered. It was also found that the optimized designs were approximately 10-30% less expensive than the base designs considered, a potentially important cost savings given the relatively expensive material costs involved with DHFRP bar construction. For all cases, bar material costs decreased as the number of materials used in bar construction increased from 2 to 4. It was also found that for all cases, the governing constraint was design moment capacity.
With careful selection of bar material properties and proportions, all DHFRP-reinforced flexural members considered could meet code-specified (i.e. AASHTO LRFD as well as ACI 318) strength and ductility requirements for steel-reinforced sections. Note that selection of bar and section properties to meet all of the imposed constraints is in general difficult without use of a formal optimization procedure. Although ACI 440.1R allows either over or under-reinforced designs with FRP bars, only tension-controlled sections were considered in this study. This is appropriate, as it only makes sense to use DHFRP bars in tension-controlled members, where bar ductility could be taken advantage of in the case of an overload.
Since the reliability of DHFRP-reinforced flexural members (from approximately β=3.8 to 3.9) was found to be higher than the targets set for steel-reinforced sections considered in this study (β=3.5) , it may be argued that an increase in the allowable resistance factor given by ACI 440.1R of 0.55 may be warranted. However, due to other performance differences between DHFRP and steel, such as the inability of the DHFRP-reinforced section to behave in a ductile manner for more than a single overload, which is clearly disadvantageous for cyclic forces, the existing higher level of reliability may be appropriate.
Although strength and ductility requirements can be addressed, an additional consideration with the use of DHFRP, as well as non-ductile FRP bars, is cracked section stiffness for cost-effective bar configurations. It was found that otherwise identical steelreinforced sections generally have approximately half the deflection as those reinforced with DHFRP bars. As the effective elastic modulus of DHFRP reinforcement is lower than that of steel, deeper sections as well as higher concrete strengths are generally required to simultaneously meet strength, ductility, as well as deflection constraints. 
